High-spin states in 124 Ba were investigated in two experiments using the 64 Ni( 64 Ni, 4n) 124 Ba reaction at three different beam energies. In-beam γ -ray coincidences were measured with the Euroball and Gammasphere detector arrays. In the experiment with Euroball, the CsI detector array Diamant was employed to discriminate against charged-particle channels. Six new rotational bands were observed in 124 Ba, and previously known bands were extended to higher spins. One of the bands shows a transition from collective to noncollective behavior at high spins. Configuration assignments are suggested on the basis of comparison with cranked shell model and cranked Nilsson-Strutinsky calculations.
I. INTRODUCTION
Transitional nuclei between spherical and strongly deformed regions of the nuclear chart are usually soft with respect to deformation changes. Shape changes, including triaxiality, can be induced by the excitation of nucleons into specific deformation-driving orbitals. In the mass region around A = 125, both protons and neutrons can occupy the unique-parity h 11/2 intruder orbitals which play an important role in driving the nuclear shape. The proton Fermi surface lies in the lower part of the h 11/2 subshell, which favors prolate shape, whereas the neutron Fermi surface lies in the middle or upper part of the h 11/2 subshell, which favors oblate shape. Thus, a coexistence of different shapes is expected in these nuclei because of opposite shape-driving forces of protons and neutrons in h 11/2 orbitals.
Several studies of the development of the shape and collectivity as a function of neutron and proton number have been made in this mass region, e.g., for Xe, Ba, and Ce nuclei [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . It was found that deformation increases with increasing proton number toward Z = 66, whereas it decreases with increasing neutron number toward the N = 82 shell closure. Total Routhian surface (TRS) calculations show that after the proton h 11/2 alignment, the nuclei remain prolate (γ 0
• ) whereas the alignment of h 11/2 neutrons favors a triaxial shape with γ −30
• [9, 12] . For nuclei with a small number of particles outside the semiclosed core with Z = 50 and N = 64, the alignment of these particles along the rotation axis at high spin can polarize the nuclei toward an oblate shape. In this spin range, the rotational bands lose collectivity, and single-particle alignments are favored as an efficient way to generate angular momentum. The collective bands terminate when all the single-particle angular momenta involved are aligned along the rotation axis. Higher-spin states can then be generated only by breaking the core.
Transitions from prolate to oblate shape have been observed to take place in two different ways: as smooth band termination, e.g., in the A 110 region [19] , and as sudden band termination, e.g., in the A 160 region [20] . In the A = 125 region, the low-energy level structure is dominated by collective rotational bands with a moderate prolate deformation (ε 2 0.25 and γ 0
• ). However, noncollective excitations have been found to compete with collective rotation at high spin, e.g., in Xe [3] and Cs [21] isotopes, and may become yrast when the proton number increases. One of the aims of the present work was to explore such features in 124 Ba. Eight rotational bands were previously known in this nucleus [10] . In this work, they were extended to much higher spins. In addition, six new bands were discovered, and a transition to noncollective excitations was observed in the yrast band. A preliminary report on this work has been given at a recent conference [22] .
In the following section, the experimental details and the data analysis are described, followed by a presentation of the experimental results and the level scheme in Sec. III. In Sec. IV, the configurations of the observed structures are discussed, and a brief summary is given in the last section.
II. EXPERIMENTAL DETAILS AND DATA ANALYSIS
Two experiments were performed in which high-spin states in 124 Ba were populated using the 64 Ni( 64 Ni, 4n) reaction at beam energies of 255, 261, and 265 MeV. The higher beam energies were chosen to enhance the population of very-high-spin structures, since the primary goal of both experiments was to search for hyperdeformation. The search for hyperdeformation is still in progress [23] . A number of different reaction channels are open at these beam energies, among them the 4n channel leading to 124 Ba which is the strongest of the neutron-evaporation channels. In this work, we focus on the normal-deformed states in this nucleus. The first experiment was carried out at Lawrence Berkeley National Laboratory. The 64 Ni beam of 265 MeV was provided by the 88-Inch. cyclotron. Gamma-ray coincidences were measured using the Gammasphere spectrometer with 100 Compton-suppressed Ge detectors [24] . The target consisted of a 64 Ni foil of 476 µg/cm 2 thickness, enriched to 96.5%. Data were recorded with a trigger condition of six or more Ge detectors after Compton suppression and 15 or more "modules" showing a signal. A module is defined as a Ge detector and the bismuth germanate (BGO) scintillators of the suppression shields. After presorting and setting a prompt time window, a total of 1.2 × 10 9 events with Ge fold 4 were obtained.
The second experiment was performed at the Institut de Recherches Subatomiques at Strasbourg. The 64 Ni beams with energies of 255 and 261 MeV were provided by the Vivitron Tandem accelerator. A self-supporting foil of 500 µg/cm 2 thickness was used as a target. Gamma-ray coincidences were measured using the Euroball spectrometer [25, 26] . It consists of 30 Compton-suppressed conventional (tapered) Ge detectors and 41 composite Ge detectors. Of the latter, the 26 Clover detectors are composed of four Ge crystals each, and the 15 Cluster detectors consist of seven Ge crystals each. At the time of the experiment, 230 individual Ge crystals out of the total of 239 of the full array could be used. An "inner ball" of 210 BGO scintillation detectors was used as a multiplicity filter to enhance the selection of high-spin events. In addition, the charged-particle array Diamant [27, 28] consisting of 84 CsI scintillation detectors covering a geometrical solid angle of 95% was placed inside the target chamber. Each crystal has a size of 14.5 × 14.5 mm 2 and a thickness of 3 mm. The CsI detectors were wrapped in 1.5 µm thick aluminized Mylar foil for light reflection. In front of the forward detectors (up to 67.5
• ), Ta foils with thicknesses between 5 and 15 µm were mounted to reduce the background of scattered beam particles and δ electrons. Coincidence events were recorded with the requirement that at least three Ge crystals and 11 BGO detectors of the inner ball were in coincidence.
In the off-line analysis, a presorting of the data-which included Compton suppression, pile-up rejection, gain matching, and calibration of the Ge detectors-was made. For the investigation of 124 Ba, the information from the Diamant detectors was used to reject events in which charged particles were detected. After setting a wide gate on the prompt time peaks, ∼3 × 10 9 events of three-and higher-fold Ge-detector concidences remained. The coincidence events from both experiments were unpacked and sorted off line into two-, threeand four-dimensional arrays (matrices, cubes, and hypercubes, respectively) using the RADWARE program package [29] .
To obtain information on the multipole order of γ -ray transitions, an asymmetric matrix was sorted with events registered in the detectors at forward (average angle 35
• ) and backward (average angle 156
• ) angles on one axis and those detected near 90
• on the other axis. Directional correlation (DCO) ratios, defined as R DCO = I (γ 2 fb , γ
• , γ fb 1 ), where I (γ 2 , γ 1 ) denotes the intensity of γ 2 in the spectrum gated on γ 1 , were determined by setting gates on stretched E2 transitions. For a multipolarity determination of low-intensity transitions, two angular correlation matrices were sorted. The first one contained events detected at forward and backward angles on one axis and those registered in all detectors on the other axis. Similarly, the second matrix contained events detected around 90
• on one axis and those of all detectors on the other axis. Gates were set in these matrices on the axis with events detected in all detectors. The intensity ratio R A = I (γ 2 fb , γ all 1 )/I (γ 2
90
• , γ all 1 ) was used to distinguish between stretched dipole and stretched quadrupole transitions. Values of the DCO and the angular correlation ratios were around 0.6 and 1.0 for stretched dipole and stretched quadrupole transitions, respectively.
III. RESULTS AND LEVEL SCHEME
The energy-level scheme of 124 Ba presented in Fig. 1 , is based on the results of the present work except for the lowerspin part which was adopted from previous work [10, 16, 30] . Eight of the 14 rotational bands were known previously. They were partly extended at low and high spins. The level scheme was constructed on the basis of coincidence relationships and relative γ -ray intensities. Spin assignments were based on DCO and angular correlation ratios. For transitions between low-spin states, no angular-correlation information could be obtained because of the loss of the spin alignment from the reaction. While the alignment stays approximately constant at high spins, it is reduced at low spins by the interaction between the nuclear moments and the fields produced by the atomic electrons. Transition energies and their relative intensities, DCO ratios, multipolarities, and placements in the level scheme are listed in Table I . In several cases, in particular for bands 12 and 13, it was not possible to obtain reliable intensities, since the connecting transitions to bands with well-established intensities were too weak. However, in some of these cases, DCO or angular correlation ratios could be determined, because they were derived from intensity ratios.
Band 1 was already established in previous work [10] up to the I π = 34 + state. Above this level, we observe several new transitions resulting in an irregular level pattern. Figure 2 shows two γ -ray coincidence spectra that demonstrate the forking of band 1 above the 1444.3 keV transition and into the 1583.4-1610.9 keV sequence. The DCO ratio of the 1444.3 keV transition is compatible with a stretched quadrupole, presumably E2, transition. The multipolarity of the other new transitions could not be determined. Hence, the spin assignments to the high-spin levels are tentative and, therefore, given in parentheses in Fig. 1 . Band 2, which was known up to the I π = 24 + state [10] , is extended by six transitions to higher spins. For the new transitions, stretched quadrupole, probably E2, multipolarity was established up to 1261.2 keV. However, because of the regularity of the band, E2 multipolarity may also be assumed for the other high-spin transitions. Several new interband transitions connecting band 2 with band 1 have also been observed.
Bands 3 to 8 were also known from previous work [10, 16] . We confirm these sequences and place three to four transitions 
1388.6 9 ( 3 ) on top of the previously known levels of bands 3, 5, and 6. The low-spin part of the coupled bands 5 and 6 was rearranged. Two close-lying 7 − states, at 2647 and 2691 keV, were previously known [10] . The 2647 keV level was assigned as a member of the α = 1 signature branch, whereas it was suggested that the 2691 keV state does not belong to the band. Analyzing triple coincidences, we found a 419.2 keV transition from the 9 − band member to the 7 − level at 2691 keV which was previously not detected, probably because it lies so close in energy to the strong 421.1 keV 4 + → 2 + transition. We rearranged the 7 − states as shown in the level scheme of Fig. 1 . In this way, the coupled bands continue with I = 1 and I = 2 transitions down to the 5 − state. The fairly strong transition of 462.0 keV to the 7 − state at 2647 keV may be explained by mixing of the 7 − levels. Band 4 is extended by seven transitions. Bands 7 and 8 are weakly populated and could not be extended to higher spin. DCO ratios measured for some of the inband transitions as well as decay-out transitions are in accordance with the previous spin assignments [10] . For some high-spin transitions observed in this work, we could not determine the multipolarity. However, E2 multipolaritiy has been assumed for the inband transitions because of the regularity of the bands.
The two sequences of γ rays labeled bands 9 and 10 have been observed for the first time in our work. Both bands decay into levels of band 1. Gamma-ray coincidence spectra for the two bands are shown in Fig. 3 . The 832.0 keV transition, which we place at the bottom of band 9, was observed already by Pilotte et al. [10] . The linear polarization asymmetry of this transition, measured with the Euroball Clover detectors, is small and negative, which confirms the previously suggested mixed M1/E2 multipolarity for this transition which feeds into the 16 + state of band 1. For an electric dipole, one would expect no mixing and, thus, a positive asymmetry [31] . This leads to I π = 17 + for the lowest level of band 9. Band 10 decays into band 1 via several transitions between 1299.0 and 1516.9 keV. Of these, only the 1319.7 keV transition is clean and strong enough to allow the determination of the angular correlation ratio. This ratio is compatible with stretched quadrupole, probably E2, multipolarity. Thus, we assign even spins and positive parity to band 10. Only the inband transitions near the bottom of bands 9 and 10 are sufficiently strong for a determination of the angular correlation ratios. They are consistent with stretched quadrupole, probably E2, transitions.
The three new bands-11, 12, and 13-are only tentatively connected to lower-lying levels, and their excitation energies, spins, and parities remain uncertain. Gamma-ray coincidence spectra of these bands are displayed in Figs. 4 and 5. Band 11 is a cascade of 11 transitions, probably of E2 multipolarity, which decays into band 1. Transitions of band 1 are observed in coincidence with the new band up to the 24 + level. The transitions of band 11 show an energy difference that is smoothly increasing from 71 to 105 keV; only the difference between the 1124.1 and 1151.3 keV transitions is much lower. Therefore, the 1124.1 kev γ ray may be a link between the two bands. Other weak γ -ray lines observed in the coincidence spectra (see Fig. 4 Bands 12 and 13 are connected by weak interband transitions in the low-spin region and, thus, probably form a pair of signature-partner bands. They decay into bands 1, 2, and 7. Of the linking transitions shown in the level scheme (Fig. 1) , only the 1407.0 keV line is firmly established. Because of the low intensity, its DCO ratio has a large uncertainty and the multipolarity could not be unambiguously determined. Hence, the spin assignment to the bands is tentative. 
IV. DISCUSSION
In previous work [10, 16, 30, 32] , configuration assignments were made to the low-and medium-spin regions of bands 1 to 8 of 124 Ba. Arguments for the configuration assignments are the observed excitation energies, spins, parities, bandcrossing frequencies, and alignment gains. These quantities can be compared to those observed in neighboring nuclei as well as to cranked shell model (CSM) [33, 34] and cranked Nilsson-Strutinsky (CNS) [19, 35] calculations. For the coupled bands, signature splittings and B(M1)/B(E2) ratios provide additional evidence for their configurations.
In the discussion of the configurations of the observed bands, we distinguish between the low-and high-spin regions. At low and medium spins, pairing correlations are important and comparison of experiment with theory is usually made within the framework of the CSM. Here, we adopt the results of previous work [10] for bands 1 to 8 and make suggestions for the configuration assignments for the new bands. The quasiparticle levels relevant in this mass region are given in Table II [10] . The Coriolis interaction mixes the original shell model states in the rotating nucleus. Nevertheless, we include the shell model and Nilsson configurations for convenience.
For the higher-spin states, typically for states with I > 20, calculations were performed using the configurationdependent CNS formalism without pairing [19, 35] . The present calculations are similar to those presented for 123 Cs in Ref. [21] . Results of these calculations are compared with experimental excitation energies in Figs. 6 and 7 for the positive-and negative-parity bands, respectively.
The CNS configurations are labeled by the number of particles in the different high-j intruder orbitals outside a closed core. However, it should be noted that in this formalism, no separation into core and valence particles is made and all orbitals up to N = 8 are treated on an equal footing. In the case of 124 Ba, it is natural to choose 114 Sn with Z = 50 and N = 64 as the core. The configurations may then be identified by the number of proton holes in the g 9/2 subshell, the number of protons in h 11/2 orbitals, and the number of neutrons in h 11/2 and i 13/2 orbitals. The notation for labeling the configurations is given in the form [(p 0 )p 1 , n 0 (n 1 )], where p 0 is the number of proton holes in g 9/2 orbitals (omitted when p 0 = 0), p 1 is the number of h 11/2 protons, n 0 is the number of neutrons in the h 11/2 subshell, and n 1 the number of neutrons in i 13/2 orbitals (omitted when n 1 = 0). The energy of each configuration is minimized at each spin in the deformation space (ε 2 , ε 4 , γ ), which allows the development of collectivity to be treated as a function of spin.
In the CNS calculations, we used the parameters previously derived for the A = 130 region [36] . As pairing is not included, the results should only be compared with experimental data at high spins where pairing is quenched. We note that there is a difference between the absolute values of the experimental and the calculated level energies. The reason is that the experimental level energies are given relative to the groundstate energy, while the reference of the calculated levels is the liquid drop energy at spin zero. Thus, the difference between the experimental and calculated energies depends essentially on the ground-state shell and pairing energy.
The experimental aligned angular momenta and dynamic moments of inertia for bands in 124 Ba are shown in Figs. 8  and 9 , respectively. The experimental crossing frequencies and the alignment gains are listed in Table III . As can be seen in Fig. 8 , up to medium frequencies, the aligned angular momenta i x increase roughly in two discrete steps, one at low frequencies, aroundhω = 0.37 MeV, and another at higher frequencies, aroundhω = 0.45 MeV. The alignment gains may be attributed to the decoupling and alignment of quasiparticles of h 11/2 origin, either h 11/2 quasiprotons or h 11/2 quasineutrons. The smaller differences in alignment between the various bands are then caused by different quasiparticles with lower angular momentum j in the configurations. Furthermore, deformation changes and differences in pairing may influence alignments. At the highest observed frequencies, some of the bands show an additional increase in alignment or other irregularities. The band crossings and other irregularities are also visible in the dynamic moments of inertia shown in Fig. 9 . In the following, we will discuss the configurations for the various bands.
A. Bands 1 and 2
Band 1 shows band crossings at rotational frequencies of 0.37 and 0.49 MeV/h with alignment gains of 8.2 and 3.3h, respectively, see Fig. 8 . The first alignment has been interpreted as crossing of the ground band with the two-quasiproton h 11/2 band, ef , and the second gain in alignment was suggested to result from a decoupling of an h 11/2 neutron pair, EF [10] . Therefore, the configuration of band 1 changes from the zero-quasiparticle ground-state band (gsb) to a two-quasiproton configuration, ef, and then to the two-quasiproton-two-quasineutron configuration, ef EF.
The CNS calculations predict the [2, 6] [2, 6] configuration in that spin region, while the observed alignment frequency favors the [2, 6] assignment [21] . The difference may also be due to remnants of pairing at high spins. If pairing is not negligible, [ (2)2,6] is a six-quasiparticle configuration while [2, 6] is a four-quasiparticle configuration. The extra energy necessary to break a pair in order to form a six-quasiparticle excitation may lift the [(2)2,6] configuration in reality to higher energy than predicted by the CNS calculations which neglect pairing. Thus, band 1 probably corresponds to the [2, 6] configuration in the spin region between 22 and 34, in agreement with the previous assignments [10] . The calculated and J 1 = 26h 4 MeV −3 has been subtracted [37] .
shape parameters for this configuration are ε 2 ≈ 0.24 and γ ≈ 0 • . Above the I π = 34 + state, band 1 becomes irregular and forks into three branches, see Fig. 1 . This is the typical behavior expected for band termination. Terminating bands were first observed in the Dy-Er region [38] . However, there exist analogies between the A = 160 and 125 mass regions [20] . As illustrated in Fig. 10 , four protons in h 11/2 orbitals outside the Z = 64 semiclosed core in 156 Er may be compared to four neutrons in h 11/2 orbitals in 124 Ba, which has N = 68 neutrons. Similarly, six neutrons above the N = 82 closed core in 156 Er is analogous to six protons outside the Z = 50 closed core in 124 Ba. Thus, the observed fully aligned con- state. This is a noncollective oblate state, characterized by the deformation parameters ε 2 ≈ 0.2 and γ = 60
• . Its total angular momentum is built solely from the maximally aligned angular momenta of the valence particles corresponding to the [2, 4] a configuration. Comparing the relative positions of the two higher-energy nearly degenerate 36 + states, they probably correspond to the [2, 6] and [2, 4] b configurations, respectively. Similarly, the two lowest strongly favored 38 + states probably correspond to the [2, 4] 123 Cs are due to energy minima in the potential energy surface corresponding to zero, one, and two particle-hole excitations from neutron (d 5/2 g 7/2 ) to (s 1/2 d 3/2 ) orbitals. Calculations for 124 Ba also show the existence of these minima around spin 36.
Band 2 starts with an alignment of about 6.2h (see Fig. 8 ) and shows a band crossing with an alignment gain of 4.4h at a frequency of 0.44 MeV/h. Previously, the two-quasineutron configuration EF , of νh 11/2 origin, was assigned to this band below 0.44 MeV/h. At this frequency, the decoupling of an h 11/2 quasiproton pair takes place and the configuration changes to the two-quasineutron-two-quasiproton (νh 2 11/2 ⊗ πh 2 11/2 ) structure, EF ef [10] . In this frequency range, band 1 has the same configuration. However, in band 2, the h 11/2 quasineutron pair is almost fully aligned (≈6.2h) and the h 11/2 quasiproton pair is only partially aligned (4.4h), whereas in band 1 it is opposite: the h 11/2 quasiproton pair is nearly fully aligned (8.2h ) and the h 11/2 quasineutron pair shows a smaller alignment (3.3h). The close similarity of the configurations of bands 1 and 2 results in the strong decay from the higher-lying band 2 into the yrast band 1.
In the calculations using the CNS formalism, the configurations above the first two band crossings in bands 1 and 2 are the same; i.e., both are represented by a pair of aligned h 11/2 protons and h 11/2 neutrons, although with a different distribution of the valence protons and neutrons in low-j orbitals. Indeed, a second minimum appears in the calculations with shape parameters ε 2 ≈ 0.24 and γ ≈ −30
• . The corresponding configuration is labeled [2, 6] * in Fig. 6 . This minimum becomes more and more shallow with increasing spin and disappears above spin 34. However, the calculated relative energy difference between the first and second minimum does not agree well with that observed for bands 1 and 2. At spin 22, both the calculated and experimental energy differences are ≈250 keV. This difference is predicted to increase with increasing spin up to ≈700 keV, while experimentally it is constant up to I = 28 and continuously decreases above this spin to about 30 keV. This behavior indicates a change in the configuration around spin 28. According to Fig. 6 , a possible candidate for the configuration above this spin can be [2, 4] b which is predicted to cross the [2, 6] configuration at spin 36.
The alignment of band 2 ( Fig. 8) shows an irregularity athω = 0.63 MeV with an alignment gain of 2.5h, which is not seen in band 1. In the yrast bands of the neighboring even-even nuclei 126 Ba [11] and 128 Ba [13] , a similar behavior with alignment gains of ≈2 and ≈4h, respectively, has been observed. The alignment of a pair of protons of g 7/2 origin was suggested for the crossing aroundhω = 0.6 MeV in 126 Ba [11] , whereas an alignment of a second pair of h 11/2 neutrons was proposed for the crossing at this frequency in 128 Ba [13] . These may be alternative explanations for the behavior of band 2 at high spins in 124 Ba.
B. Coupled bands
Information about the quasiparticle configurations of the coupled bands can be extracted from the ratios of reduced magnetic dipole and electric quadrupole transition probabilities, B(M1; I → I − 1)/B(E2; I → I − 2). The experimental ratios have been obtained from the γ -ray-intensity ratios using
where E γ and I γ represent the energy in MeV and the intensity of the γ -ray transitions, respectively. The mixing ratio δ for the I = 1 transitions is small, and δ 2 has been set to zero. The experimentally deduced B(M1)/B(E2) ratios are compared with the theoretical values obtained using the following generalized expression for multiquasiparticle configurations, formulated in [2, 40] and based on the geometrical model of Dönau and Frauendorf [41, 42] :
K λ , g λ , and i λ stand for the K value, gyromagnetic factor, and aligned angular momentum, respectively, of the rotationor Fermi-aligned quasiparticles involved in the configuration. K 1 , g 1 , and i 1 refer to the strongly coupled particle. The approximation g R = Z/A was used for the rotational g factor. K tot = K 1 + λ K λ denotes the total K value of the configuration. The values for the intrinsic g factors for the different orbitals g λ , as well as the quadrupole moment Q • = 3.9 b, have been taken from [11] . The shape parameter γ was set to zero. The aligned angular momenta i m were determined from the alignment plots, see Fig. 8 . The signature splitting e was extracted from the experimental Routhians. The parameters used in the calculations are listed in Table IV .
Bands 3, 4, and 14
Bands 3 and 4 appear to be a pair of signature-partner bands with a large splitting. It was suggested [10] that band 3 (the favored signature) corresponds to the quasiproton e b configuration, and band 4 (the unfavored signature) to ea or ec. The πh 11/2 g 7/2 and π (h 11/2 d 5/2 ) ⊗ νh 4 11/2 configurations were also assigned to similar bands in the neighboring eveneven nuclei 126 Ba [11] and 128 Ba [13] , respectively. It was suggested [30, 32, 43] that those bands have a two-quasiproton structure mixed with the octupole vibrational band which accounts for the large signature splitting at low spins. Both bands are crossed by the configuration with an additional h 11/2 quasineutron pair, EF.
The B(M1)/B(E2) ratios determined from our data for bands 3 and 4 are compared with the calculated values for the configurations πh 11/2 g 7/2 and πh 11/2 d 5/2 in Fig. 11 . The calculated ratios for the configuration πh 11/2 d 5/2 agree better with the experimental data than those for the πh 11/2 g 7/2 configuration. Therefore, we assign the configuration πh 11/2 d 5/2 to bands 3 and 4 in the low-spin region. At higher spins, these configurations are expected to become more and more mixed. Both bands show a band crossing at a rotational frequency of ≈0.45 MeV/h with a gain in alignment of 6 and 4h, respectively. The rather large alignment suggests that aligned h 11/2 neutrons or protons are present in the configuration above that frequency. We suggest the configurations ebEF and eaGH for bands 3 and 4, respectively, in the frequency range around 0.5 MeV/h. At higher frequencies, band 3 seems to lose alignment, see Fig. 8 . However, this might be caused by a change to a reference core with a smaller deformation. A reduction of the Harris parameters to J • = 13h 2 MeV −1 and J 1 = 21h 4 MeV −3 makes the alignment of band 3 constant. Band 4 shows a gain in alignment of ≈6h at a frequency of 0.59 MeV/h (Fig. 8) . Such a large gain can only be caused by h 11/2 neutrons or protons. As band 3 does not show a similar increase at that frequency, the corresponding alignment has to be blocked. Thus, it is most likely that it is caused by a pair of h 11/2 neutrons, e.g., EF, which are already aligned in band 3 at this frequency. At the highest observed frequencies, the configuration eaGHEF is therefore suggested for band 4.
At high spins, the [1, 6] configuration is suggested by the CNS calculations. As seen in Fig. 7 , there is good agreement for the relative positions and slopes between the calculated [1, 6] bands and the observed bands 3 and 4 up to spin 26.
Band 14 decays into band 3 around spin 30. Unfortunately, its spin assignment is not certain. If our tentative assignment is correct, band 14 has an alignment that is ≈5h higher than that of band 3, which could be explained by a six-quasiparticle configuration.
Bands 5 and 6
Bands 5 and 6 form a pair of signature partners with negligible signature splitting. The two-quasiproton configurations eb and ea , of g 9/2 h 11/2 origin, seem to be a natural choice for these bands [10] . At a frequency of 0.44 MeV/h, a band crossing with an alignment gain of >6.1 and >5.8h is observed for bands 5 and 6, respectively. The high-spin part of the bands probably contains a pair of decoupled h 11/2 neutrons, resulting in the configurations eb EF and ea EF , respectively.
B(M1)/B(E2) ratios have been determined and are compared with calculated ratios for the πg 9/2 h 11/2 configuration in Fig. 12 . At lower spins, a rather large B(M1)/B(E2) ratio has been obtained. In this region, mixing occurs with other states of the same spin and parity which also accounts for the observed decay-out transitions. Large B(M1)/B(E2) ratios are calculated for configurations involving neutrons, e.g., for the νh 11/2 g 7/2 or νh 11/2 s 1/2 configurations. Mixing with such states may explain the observed increase of the B(M1)/B(E2) ratios near the bottom of bands 5 and 6. The good agreement at medium spins supports the previous configuration assignment [10] 
Bands 7 and 8
Bands 7 and 8 have been interpreted previously to be built on a γ vibration [16, 44] . The present results do not add significant information about these bands.
Bands 12 and 13
The new bands 12 and 13 form a pair of coupled bands without signature splitting. Their alignment is already rather large, i x 8h, at low rotational frequencies, suggesting a multiquasiparticle configuration. The experimental B(M1)/B(E2) ratios determined from our data are compared with calculations for three different configurations, π (h 11/2 d 5/2 ) ⊗ ν(h 11/2 g 7/2 ), π(g 9/2 h 11/2 ) ⊗ ν(h 11/2 g 7/2 ), and π (g 9/2 h 11/2 ) ⊗ ν(h 11/2 d 5/2 ), in Fig. 13 . As can be seen, the calculated ratios for the configurations π (g 9/2 h 11/2 ) ⊗ ν(h 11/2 g 7/2 ) and π (g 9/2 h 11/2 ) ⊗ ν(h 11/2 d 5/2 ) are close to the experimental data. These configurations are expected to be mixed, and it is not possible to distinguish between them. Thus, we assign the configurations eb EA and eb FA to bands 12 and 13, respectively.
At a frequency of ω = 0.5 MeV/h, a further band crossing is observed. The alignment gain of about 5h may be due to a pair of h 11/2 neutrons. As orbitals E and F are already occupied, we suggest that the alignment is due to the GH quasineutron pair.
Two band structures with small signature splitting, the [1, 5] and [(1)2,6] configurations, are predicted by the present CNS calculations. They approach the yrast [2, 6] configuration in the spin 20-35 region, see Fig. 6 . The experimental energy difference between the [1, 5] and [2, 6] configurations is predicted to decrease up to about spin 32 and then to increase at higher spins. For the [(1)2,6] configuration, this energy difference is predicted to increase continuously in that spin region. The energy difference between band 1 and bands 12 and 13 decreases above spin 24 and becomes very small in the spin 30-35 region. This observation favors the [1, 5] energy than predicted because of the pairing interaction which is not taken into account in the CNS calculations.
C. Bands 9 and 10
The new bands 9 and 10 are observed above spins 17 and 18, respectively. They both decay into band 1, suggesting a similarity in structure. They start with a high alignment which, in the lower part, increases by about 3h and then stays at 11 and 9.5h, respectively (Fig. 8) . At higher spins, their alignment pattern looks different. While the alignment of band 9 decreases, band 10 continuously gains alignment up to the highest-spin states observed. The rather large alignment suggests that both bands are four-quasiparticle configurations, probably containing a pair of aligned protons coupled to another aligned proton or a neutron pair. We tentatively assign the quasiparticle configurations efGH and efFH to bands 9 and 10, respectively. The difference in the appearance of the alignment might be caused by differences in the reference core. A reduction of the Harris parameters for band 9 to J • = 13h 2 MeV −1 and J 1 = 21h 4 MeV −3 makes its alignment constant.
Inspection of the results of the CNS calculations presented in Fig. 6 shows that the configuration labeled [1, 5] could reproduce the observed properties reasonably well. However, it seems unlikely that bands 9 and 10 are a pair of signature partners since no interband transitions are observed. Furthermore, we have already tentatively assigned this configuration to bands 12 and 13, as discussed above. Thus, there are no good candidates predicted by the present CNS calculations for the configurations of these bands.
D. Band 11
Band 11 is not firmly connected to known levels in 124 Ba. However, the systematics of excitation energies and spins of the bands observed in this nucleus allow an approximate placement in the level scheme and limit the spin range. As the band decays to high-spin states of band 1, their structures should have some similarity. [2, 6] configuration with two h 11/2 protons and six h 11/2 neutrons.
Band 11 shows a gradual decrease in the dynamic moment of inertia in a manner similar to that of several high-spin bands in this mass region. In Fig. 14 , the dynamic moments of inertia of band 11 and similar bands observed in 132 Ce [45, 47, 48 ] and 126 Xe [46] are compared. The 132 Ce band is highly deformed; a transition quadrupole moment of Q = 7.4 (3) b has been measured [47] . In 125,126 Xe, several bands, which extend up to very high spins, have been observed recently [46] . However, only for the 126 Xe band shown in Fig. 14 was the quadrupole moment estimated, Q ∼ 5.2 b [46] . The dynamic moment of inertia of band 11 lies between those of 126 Xe and 132 Ce shown in Fig. 14. This systematics suggests that it probably has a larger deformation than the other bands in 124 Ba. The excitation of an i 13/2 neutron may cause the larger deformation; however, lifetime measurements are needed for a final proof. CSM calculations for 132 Ce show that the frequency dependence of the dynamic moment of inertia is a combined effect of gradual alignment of protons in h 11/2 and neutrons in h 9/2 and h 11/2 orbitals [49] ; a similar explanation may apply also to band 11 in 124 Ba.
V. SUMMARY
In summary, high-spin states in 124 Ba have been investigated in two experiments using the Euroball and Gammasphere spectrometers. Previously known bands have been extended, and six new bands have been found. Configurations have been assigned to the band structures based on the comparison with predictions of the CSM in the lower-spin region and with the CNS model at high spins. The positive-parity yrast band, band 1, shows the typical behavior of band termination at the highest spins. Configurations for the terminating states which compete with the collective excitations are suggested on the basis of CNS calculations. One of the new bands, band 11, extends to spins around 46 without band crossings. Its dynamic moment of inertia decreases steadily, similar to those of large-deformed bands in this mass region.
